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SUMMARY 
Local values of hea t - t ransfer  coe f f i c i en t s  and average f r i c t i o n  coef f i -  
c i en t s  were measured experimentally f o r  helium and hydrogen gases flowing 
through an  e l e c t r i c a l l y  heated tungsten tube with a length-to-diameter r a t i o  of 
77 f o r  the  following range of conditions:  l o c a l  surface temperatures up t o  
5600' R, l o c a l  Reynolds number from 7600 t o  39,500, l o c a l  r a t i o s  of surface t o  
bulk gas temperature up t o  5.6, and heat  flux up t o  1,700,000 Btu per hour per 
square foot .  
A comparison of l o c a l  hea t - t ransfer  coe f f i c i en t s  f o r  helium and hydrogen 
gases i s  made f o r  severa l  types of w a l l  temperature d i s t r i b u t i o n s  i n  order t o  
determine whether data  can be cor re la ted  by a Dittus-Boelter type equation. 
W a l l  temperature d i s t r i b u t i o n s  f o r  hydrogen a r e  compared w i t h  one f o r  
helium with the  r e s u l t  t h a t  any d issoc ia t ion  of hydrogen a t  the  tube w a l l  f o r  
w a l l  temperatures up t o  5200° R has l e s s  e f f e c t  on the  w a l l  temperature d i s t r i -  
but ion than does the  r a t i o  of surface t o  bulk gas temperature. 
INTRODUCTION 
Nuclear reactors ,  such as those proposed f o r  use i n  rockets  using hydro- 
gen as a propellant,  involve hea t  t r a n s f e r  with l a rge  va r i a t ions  i n  t h e  thermo- 
dynamic and t ranspor t  p roper t ies  of t he  gas. 
d i ssoc ia t ion  of t h e  f l u i d  o r  t o  l a rge  d i f fe rences  between surface and bulk gas 
temperatures or both. The r a t i o  of surface t o  gas temperature can be as la rge  
as 25 a t  t h e  i n l e t  of a nuclear r eac to r  i f  t he  surface temperature i s  5000' R 
and the  i n l e t  gas temperature i s  200° R. 
occur i n  t h e  f l u i d  adjacent t o  t h e  fueled surface through most of t h e  reac tor  
and w i l l  occur i n  the  bulk hydrogen a t  t he  r eac to r  ou t l e t .  The e f f e c t  of t he  
l a rge  va r i a t ions  i n  the  t r anspor t  p roper t ies  on t h e  hea t - t ransfer  character is-  
These va r i a t ions  can be due t o  
Some degree of d i ssoc ia t ion  w i l l  
t i c s  of hydrogen i s  very important i n  t h e  design considerations f o r  nuclear- 
rocket powered space vehicles.  
Considerable experimental da ta  showing t h e  e f f e c t  of surface t o  f l u i d  tem- 
perature r a t i o  on t h e  hea t - t r ans fe r  coe f f i c i en t  f o r  a i r  a re  presented i n  r e fe r -  
ence 1. A number of o ther  i nves t iga t ions  extending over t he  range of w a l l  tem- 
perature, pressure, and r a t i o  of surface t o  bulk temperature t h a t  include hel-  
ium, hydrogen, and nitrogen have been made and a re  presented i n  re ferences  
2 t o  6. The conditions f o r  which da ta  were obtained i n  references 1 t o  6 and 
i n  t h e  present i nves t iga t ion  a r e  shown i n  t a b l e  I. The present i nves t iga t ion  
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w a s  intended (1) t o  extend the  range of surface t o  bulk temperature r a t i o  a t  
high surface temperatures and ( 2 )  t o  determine t h e  e f f e c t  of d i s soc ia t ion  a t  
t h e  surface on t h e  w a l l  temperature d i s t r ibu t ion .  The experiment was performed 
by flowing helium and hydrogen through an e l e c t r i c a l l y  heated tube. A r a t i o  of 
l o c a l  surface t o  bulk temperature of 5.6 and w a l l  temperatures as high as 
2 
56000 R were a t t a ined  a t  i n l e t  pressures  varying from 40 t o  100 pounds per 
square inch absolute.  
EXPERlMENTAL APPARATUS 
Arrangement 
A schematic diagram of t h e  arrangement of the  t e s t  apparatus used i n  t h i s  
E i the r  helium o r  hydrogen from a pressur- inves t iga t ion  i s  shown i n  f igu re  1. 
Molybdenum radiation shield 
,- Molybdenum radiation 
/-($in. diam.) 
1 2  
0 Tungsten radiation 
shield (I in. diam.) 
Section A-A 
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Figure 1. - Schematic diagram of arrangem'ent of test apparatus. 
Figure 2. - Experimental apparatus wi th 
containment tank removed. 
i zed  tank w a s  passed through the  pressure-regulating valve and a f l a t - p l a t e  
o r i f i c e  i n t o  a three-pass mixing tank with b a f f l e s  i n  the  center  passage. 
After  mixing, t he  gas w a s  passed through the  e l e c t r i c a l l y  heated t e s t  sec t ion  
i n t o  a second mixing tank and w a s  then exhausted i n t o  the  atmosphere through a 
vent stack. The t e s t  sec t ion  w a s  thermally insu la ted  with th ree  concentric ra- 
d i a t ion  shields .  The inner  sh i e ld  w a s  made of 0.010-inch-thick tungsten 1 inch 
i n  diameter; t he  middle and outer  sh ie lds  were made of 0.010-inch-thick molyb- 
denum 1- and 1- inches i n  diameter, respect ively.  Boron n i t r i d e  spacers were 
used t o  hold the  sh i e lds  i n  posi t ion.  The mixing tanks and the  t e s t - sec t ion  
assembly were housed i n  a vacuum-tight s t e e l  containment tank evacuated t o  
about 25 microns of mercury during t e s t  runs. 
apparatus with the  containment tank removed. 
1 1 
4 2 
Figure 2 shows the  experimental 
3 
E l e c t r i c  power w a s  supplied t o  the  t e s t  sec t ion  through water-cooled cop- 
per  tubing from a 208-volt 60-cycle supply l i n e  through a 100-kilovolt-ampere 
transformer cont ro l led  by a sa turable  core reactor .  The sa turable  core reac tor  
permitted voltage regula t ion  from approximately 3 t o  25 vo l t s .  
mean-square e l ec t ron ic  voltmeter w a s  used d i r e c t l y  t o  read the  po ten t i a l  across  
the  t e s t  section. Current w a s  read on an ammeter used with an 800 t o  1 s t e p  
down current  transformer and checked with a ca l ib ra t ed  shunt. 
A t r u e  root- 
Test  Sections 
The t e s t  sec t ion  used i n  t h i s  inves t iga t ion  was made of tungsten. Since a 
tungsten tube was not  ava i lab le  commercially, .it was necessary t o  f ab r i ca t e  it 
by d i s in t eg ra t ing  a hole i n  a tungsten rod. 
0.116f0.002-inch in s ide  diameter with a 15- t o  20-microinch root  mean square 
f i n i s h  o r  b e t t e r  and w a s  concentric with the  outs ide diameter t o  within a t o t a l  
i nd ica to r  reading of 0.006 inch. The outs ide diameter of t h e  tube was then 
ground t o  obtain a w a l l  th ickness  of 0.0625f0.002 inch with a surface f i n i s h  of 
32 microinch root  mean square o r  b e t t e r .  The tungsten tube w a s  joined t o  
water-cooled f langes  made of n icke l  and oxygen-free high conductivity copper 
with a furnace braze of 8 2  percent gold and 18 percent n icke l  a t  about 1830' F; 
t h i s  temperature i s  wel l  below the  r e c r y s t a l l i z a t i o n  temperature of tungsten. 
The t e s t  sec t ion  w a s  cycled between about 1000° and 5000O R approximately 20 
times i n  t h e  course of t h e  experiment, which t o t a l e d  about 25 hours of opera- 
t i o n  a t  temperatures of 4000° R or higher, and it d id  not fa i l .  
t i o n  had an entrance length  of 1 4  diameters before  the  heated section. 
symbols a re  defined i n  appendix A. ) 
The hole was lapped t o  
The t e s t  sec- 
(All 
Instrument a t  ion 
The outs ide w a l l  temperatures near the  entrance and the  e x i t  of the  t e s t  
se e t  ion were measured with 2 4-gage platinum- p l a t  inum- 13- percent - rhodium the  rmo- 
couples spot-welded along the  length as shown i n  f igu re  3. The temperature of 
Station 1 Pressure drop length, 91- 
Boron n i t r i de  spacer 7 
x Thermocouples 
o Voltage taps 
Figure 3. - Schematic diagram of test-section assembly showing thermocouple, voltage tap, and pressure tap 
locations. (A i l  dimensions in inches.) 
4 
most of t h e  t e s t  sec t ion  w a s  measured with a small-target disappearing- 
filament, o p t i c a l  pyrometer. More information on the  technique of temperature 
measurement used i n  t h i s  inves t iga t ion  can be found i n  appendix B. 
The temperature of t he  gas was measured a t  t he  entrance and the  e x i t  of 
t he  t e s t  se c t  ion with platinum- platinum- rhodium thermocouple s loca ted  down- 
stream of the  b a f f l e s  i n  t h e  two mixing tanks. 
The r ad ia t ion  sh ie lds  were a l so  instrumented with platinum-platinum- 
rhodium thermocouples as shown i n  f igure  3. S t a t i c  pressure t a p s  were located 
i n  t h e  entrance and the  e x i t  f langes  of t he  t e s t  sec t ion  and were read on 0- t o  
100-pounds-per-square-inch pressure gages having a fu l l - sca l e  accuracy of 
1/2 percent. Seven tantalum voltage t aps  were spot-welded along the  t e s t  sec- 
t i o n  t o  measure voltage drop as a funct ion of dis tance f r o m t h e  entrance; how- 
ever? only the  voltage t a p s  loca ted  a t  the  entrance and t h e  e x i t  remained on 
the  t e s t  sect ion when it w a s  heated. This arrangement permitted measurement 
only of t he  t o t a l  voltage drop across  the  tes t  section. 
METHOD OF CALCULATION 
Hydrogen Proper t ies  
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(a) Mole fraction of atomic hydrogen (refs. 8 and 9). 
Figure 4. - Variation of hydrogen properties with tem- 
perature at 1 atmosphere. 
c a l c d a t i b n s  of hea t - t ransfer  and f r i c -  
t i o n  coe f f i c i en t s  i s  shown i n  f igu re  4 as 
a funct ion of temperature f o r  a pressure 
of 1 atmosphere ( d a t a  from re f s .  7 t o  12 ) .  
The e f f e c t  of pressure on the  proper t ies  
of hydrogen w a s  not taken i n t o  considera- 
t i o n  s ince t h e  pressure w a s  near 1 atmo- 
sphere a t  po in ts  i n  t h e  t e s t  sect ion 
where the  temperature was high enough f o r  
the  pressure e f f e c t  on d issoc ia t ion  t o  be 
appreciable. Figure 4 (a )  shows the  mole 
f r a c t i o n  of atomic hydrogen x1 present 
a t  any temperature and w a s  taken from 
references 8 and 9. The thermal conduc- 
t i v i t y  k and t h e  absolute  v i scos i ty  p 
from references 8 t o  1 2  f o r  equilibrium 
dissoc ia t ing  hydrogen i s  shown i n  f igu res  
4(b)  and ( e ) .  Chemically frozen thermal 
conductivity, which does not  include the  
chemical reac t ion  term, w a s  taken from 
reference 9 and i s  a l s o  shown i n  f igu re  
4(b). The experimental thermal conduc- 
t i v i ty  da ta  shown i n  f igu re  4(b) a re  from 
reference 7 and a re  the  only data at  high 
temperatures ava i lab le  a t  present.  The 
values of thermal conductivity used i n  
t h i s  inves t iga t ion  a r e  represented by the  
5 
s o l i d  l i n e  t h a t  w a s  ca lcu la ted  by use of the  v i s c o s i t y  and thermal conductivity 
of hydrogen atoms and molecules from t a b l e  I11 of reference 11 and t h e  heat  of 
4.5 
4.0 
0, - Used in th is  investigation 
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(e) Ratio of specific heats. 
Figure 4. - Concluded. Variation of hydrogen properties with temperature at 1 atmosphere. 
dissoc ia t ion  from t a b l e  XXX of reference 12.  The values of spec i f i c  heat  f o r  
equilibrium dissoc ia t ing  hydrogen a t  constant pressure cp shown i n  f igu re  
4(d)  were taken from references 8 and 9 and a re  i n  complete agreement. The 
chemically frozen s p e c i f i c  heat, which does not include the  chemical reac t ion  
term, w a s  taken from reference 9. The r a t i o  of spec i f i c  hea t s  y i s  taken 
from references 8 and 9 and i s  shown i n  f igu re  4 ( e ) .  
very good agreement a t  temperatures below 3700' R, a range t h a t  more than 
covers t he  bulk gas temperatures i n  t h i s  inves t iga t ion .  
w a s  taken t o  be 766.4 foot-pound per pound m a s s  OR. 
The two references a r e  i n  
The gas constant R 
Helium Proper t ies  
The t ranspor t  propert ies ,  thermal conductivity k and absolute v i scos i ty  
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Figure 5. - Variation of thermal conductivity and absolute viscosity of he l ium wi th  temperature. 
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Figure 6. - Variation of thermal conductivity and electrical resist ivi ty of tungsten with temperature. 
7 
I - . . . . . . .. .. - .- . .. . .. . . . . . . 
as a funct ion of temperature. 
reference 11 are  shown along with experimental po in ts  from reference 7. The 
l ack  of agreement between experiment and theory even f o r  a monatomic gas indi-  
ca t e s  t h e  g rea t  need f o r  more experimental measurements of thermal conductivity 
of gases a t  high temperatures. The spec i f i c  hea t  a t  constant pressure c P w a s  
taken t o  be constant a t  1.248 Btu/(lb)(OR), t h e  r a t i o  of spec i f i c  hea ts  y t o  
be 1.667, and t h e  gas constant 
The t h e o r e t i c a l  values  taken from t a b l e  I11 of 
R t o  be 386 foot-pounds per  pound mass OR. 
,’ 
/’ 
Physical  Proper t ies  of Tungsten and Molybdenum 
Figure 6 shows both t h e  thermal conduct ivi ty  k and t h e  e l e c t r i c a l  r e s i s -  
t i v i t y  pe of tungsten p l o t t e d  as a funct ion of temperature. The experimental 
thermal conductivity da ta  f o r  t h e  temperature range of 2000° t o  3f33Oo R were 
taken from reference 13 and extrapolated,  as shown by t h e  dashed l i ne ,  t o  cover 
t h e  range of t h i s  inves t iga t ion .  
references 13 and 14, which a re  i n  agreement t o  within 3 percent. 
reference 1 4  and i s  shown i n  f igu re  7 as a funct ion of temperature. The spec- 
t r a l  emissivity a t  a wavelength of 0.650 micron w a s  taken from reference 15 
and i s  a l s o  shown i n  f igu re  7. 
s i v i t y  i s  given i n  appendix B. 
The e l e c t r i c a l  r e s i s t i v i t y  w a s  taken from 
The normal t o t a l  emiss iv i ty  of both tungsten and molybdenum w a s  taken from 
A discussion of t h e  use of t he  spec t r a l  emis- 
- _  
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I f x) 
Figure 7. - Variation of emissivity of tungsten and molybdenum wi th  temperature. 
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Fr ic t ion  Coeff ic ients  
Because of t he  g rea t  d i f f i c u l t y  i n  loca t ing  s ta t ic -pressure  t aps  along the  
tungsten t e s t  section, only the  ove ra l l  pressure drops were measured, and, 
therefore,  only average f r i c t i o n  coef f ic ien ts  were calculated.  The f r i c t i o n  
pressure drop w a s  obtained by subtract ing the  calculated momentum pres- 
sure drop 4m0m from the  t o t a l  measured s ta t ic -pressure  drop 4 across the  
t e s t  s ec t  ion: 
4fr 
where tl and t2 are  the  absolute s t a t i c  temperatures a t  t h e  entrance and 
the  e x i t  of the  t e s t  section, respectively,  and p1 and p2 a re  t h e  s t a t i c  
pressures a t  the  entrance and the  e x i t  of the  tes t  section, respectively.  The 
s t a t i c  temperatures were calculated from measured values of t h e  gas flow, t h e  
s t a t i c  pressure, and the  t o t a l  temperature by the  following equation: 
This equation was obtained by combining the  per fec t  gas l a w ,  t he  equation of 
continuity, and the  energy equation. Since the  r a t i o  of spec i f i c  hea ts  y f o r  
hydrogen var ies  with temperature, t he  s t a t i c  temperature was calculated twice, 
once with t h e  spec i f i c  heat r a t i o  evaluated a t  the  t o t a l  temperature and once 
evaluated a t  t h e  s t a t i c  temperature. The two s t a t i c  temperatures thus calcu- 
l a t e d  var ied l e s s  than 3 percent of the  difference between to ta l  and s t a t i c  
temperature. 
The average f r i c t i o n  coef f ic ien t  w a s  calculated from the  r e l a t i o n  
where the  densi ty  pav w a s  evaluated from 
of the  gas 
gpav 4 f r  
2 4 Gz D 
(3) 
t he  s t a t i c  pressure and temperature 
P + P  
Pav  = + (t: + t:) 
Heat-Transfer Coeff ic ients  
( 4 )  
Only l o c a l  hea t - t ransfer  coef f ic ien ts  were calculated s ince the  heat f l u x  
var ied by a f a c t o r  of as much a s  7.5 from t h e  entrance t o  the  e x i t  of t he  t e s t  
section, as  can be seen f r o m t h e  wal l  temperature d i s t r ibu t ions  shown i n  f ig-  
9 
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Figure 8. - Comparison of outside wall temperature distributions for increasing 
amounts of heat input to hydrogen flowing at a constant mass flow rate of 
3.8 pounds per hour. 
ure 8 and the  resist ivity of 
tungsten i n  f igu re  6. Local 
coe f f i c i en t s  were approxi- 
mated by dividing the  t e s t  
sec t ion  length i n t o  10 equal 
increments and by evaluat ing 
average coe f f i c i en t s  f o r  
these  small increments. 
The procedure used t o  
ca l cu la t e  t h e  l o c a l  heat- 
t r a n s f e r  coe f f i c i en t  i s  as 
follows: 
(1) The r a t e  of heat  
conduction i n t o  and away 
from each increment was cal-  
culated by means of t he  
equation 
where dT/dL i s  the  slope 
of t h e  a x i a l  w a l l  tempera- 
t u r e  d i s t r i b u t i o n  a t  t he  end 
of each increment. 
( 2 )  Local r ad ia t ion  
heat l o s s  from the  t e s t  sec- 
t i o n  t o  t h e  outer  r ad ia t ion  
sh ie ld  w a s  ca lcu la ted  by 
( 6 )  
(3) The r a t e  of e l e c t r i c a l  heat  generation i n  each increment &e w a s  cal-  
culated by multiplying the square of the current  through the  t e s t  sect ion by 
t h e  r e s i s t ance  taken from f igu re  6 f o r  t he  average w a l l  temperature of t h e  in- 
crement. 
(4) A heat  balance f o r  each increment was s e t  up s t a r t i n g  a t  the  entrance 
It was possible  t o  ca lcu la te  t he  r a t e  of heat  t r a n s f e r  t o  the  gas 
increment from equation (7) .  
crement could be ca lcu la ted  by means of t h e  equation 
Q f o r  each 
The bulk temperature of t he  gas leaving each in- 
10 
where Tin i s  the  bulk temperature of t he  gas en ter ing  t h e  increment and Tout 
i s  the  bulk temperature of t he  gas leaving the  increment. This ca lcu la t ion  w a s  
repeated f o r  each succeeding increment, and the  ca lcu la ted  temperature of t he  
gas leaving the  l a s t  increment was used as the  e x i t  gas temperature. This tem- 
perature  w a s  used along with t h e  measured e x i t  gas temperature, t he  gas flow 
ra t e ,  and the  physical  p roper t ies  to determine hea t - t ransfer  coe f f i c i en t s  from 
t h e  Dittus-Boelter equation. The heat- t ransfer  coe f f i c i en t  w a s  used t o  calcu- 
l a t e  t h e  r a t e  of heat  t r a n s f e r  t o  the  water-cooled e x i t  flange. 
(5)  I n  general, t he  sum of the  l o c a l  r ad ia t ion  heat  l o s ses  and the  end 
lo s ses  w a s  found t o  account f o r  more than 80 percent of t h e  difference between 
the  r a t e  of e l e c t r i c a l  heat  input  t o  the  t e s t  sec t ion  and the  r a t e  of heat  
t r a n s f e r  t o  the  gas. Each l o c a l  r ad ia t ion  heat  l o s s  and the  two end lo s ses  
were mul t ip l ied  by the  r a t i o  of t o t a l  heat l o s s  t o  t h e  sum of l o c a l  heat l o s ses  
and the  two end lo s ses  for adjustment t o  give an o v e r a l l  heat  balance of 
100 percent. 
( 6 )  A new heat  balance w a s  s e t  up by use of t he  adjusted l o c a l  heat  l o s ses  
and equation ( 7 ) ,  and t h e  r a t e  of heat  t r a n s f e r  to t he  gas Q w a s  calculated.  
The bulk temperature of t h e  gas leaving each increment w a s  calculated by means 
of equation ( a ) .  
( 7 )  The l o c a l  bulk temperature and the  l o c a l  surface temperature along 
with the  r a t e  of heat  t r a n s f e r  t o  the  gas and the  hea t - t ransfer  a rea  f o r  t he  
increment were used t o  ca l cu la t e  t h e  l o c a l  hea t - t ransfer  coe f f i c i en t  
The temperature drop through the  wal l  w a s  ca lcu la ted  and found t o  be very s m a l l  
compared w i t h  the  difference between surface 
fore,  w a s  neglected. 
The l o c a l  Nusselt number w a s  calculated 
hD Nu = - k 
and bulk temperatures and, there- 
by means of t he  r e l a t i o n  
mSTILTS AND DISCUSSION 
Axial W a l l  Temperature Di s t r ibu t ions  
Five representa t ive  a x i a l  outs ide w a l l  temperature d i s t r ibu t ions  a re  
p lo t t ed  as a funct ion of the  dis tance from the  i n l e t  f o r  a tungsten tube with a 
t o t a l  length t o  diameter r a t i o  of 77 ( f ig .  8) .  Thermocouple and o p t i c a l  pyrom- 
e t e r  measurements f o r  each run a re  a l so  shown i n  the  f igure .  Experimental da ta  
f o r  a l l  runs a re  summarized i n  t a b l e  I1 ( see  pp. 27 t o  3 2 ) .  The w a l l  tempera- 
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t u r e  d i s t r i b u t i o n s  shown i n  f igu re  8 a re  f o r  hydrogen but  a r e  a l s o  t y p i c a l  of 
those obtained f o r  helium. 
nearly constant, while t h e  power input w a s  increased t o  higher l eve l s .  
r e l a t i v e l y  l a rge  increase  i n  w a l l  temperature i n  t h e  entrance ha l f  of t h e  tube, 
as power input i s  increased, i s  a r e s u l t  of two f ac to r s .  F i r s t ,  t h e  r a t i o  of 
surface t o  bulk f l u i d  temperature i s  increased, which i s  accompanied by a de- 
crease i n  hea t - t ransfer  coe f f i c i en t  t h a t  f u r t h e r  increases  t h e  surface tempera- 
t u re .  Second, t h e  e f f e c t  of increas ing  t h e  r a t i o  of surface t o  bulk f l u i d  tem- 
perature i s  magnified by t h e  increased e l e c t r i c a l  r e s i s t i v i t y  of tungsten a t  
higher temperatures. The l a rge  a x i a l  temperature grad ien ts  a t  t h e  entrance and 
t h e  e x i t  of t h e  t e s t  s ec t ion  a r e  t h e  r e s u l t  of conduction lo s ses  t o  t h e  con- 
necting flanges, t h e  mixing tanks, and t h e  e l e c t r i c a l  connectors. 
For runs 1 7  t o  21, t he  m a s s  flow r a t e  was kept 
The 
It w a s  thought t h a t  t h e  best way of determining t h e  e f f e c t  of d i s soc ia t ion  
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o Hydrogen r u n  20 13.46 24,035 - 
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Figure 9. - Comparison of outside wall temperature distributions and gas tem- 
peratures of hydrogen and helium for mass flow rate ratio inversely propor- 
tional to ratio of specific heats, W H ~ / W H ~  - (c,JH~/(c,JH~ 
a t  t h e  w a l l  w a s  t o  compare 
t h e  w a l l  temperature d i s t r i -  
bution for hydrogen with t h e  
w a l l  temperature d i s t r ibu -  
t i o n  f o r  helium under t h e  
same conditions. It can be 
shown t h a t  when t h e  product 
of flow r a t e  w and spe- 
c i f i c  heat cp of hydrogen 
i s  equal t o  t h a t  f o r  helium 
and t h e  heat input t o  hydro- 
gen i s  equal t o  t h e  heat in -  
put t o  helium, then t h e  
hea t - t ransfer  coe f f i c i en t  
and t h e  w a l l  temperature 
d i s t r i b u t i o n s  f o r  helium and 
hydrogen should be essen- 
t i a l l y  t h e  same i f  dissocia- 
t i o n  does not a f f e c t  t h e  
hea t - t ransfer  coef f ic ien t .  
The f i r s t  two conditions 
were approached qui te  
c lose ly  by helium run 15 and 
hydrogen run 19. The heat 
input w a s  2 percent l e s s  and 
t h e  product of flow r a t e  and 
spec i f i c  heat was 3 percent 
l e s s  f o r  t h e  hydrogen run 
than f o r  t he  helium run, 
while t h e  hea t - t ransfer  co- 
e f f i c i e n t s  were 10 t o  15 
percent higher f o r  hydrogen 
than f o r  helium. The w a l l  
temperature d i s t r i b u t i o n  f o r  
helium run 15 and hydrogen 
runs 1 9  and 20 a re  shown i n  
f igure  9 as a func t ion  of 
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distance from the  i n l e t .  
ence between the  w a l l  temperatures of runs 15 and 19  occurs where the  w a l l  tem- 
perature  i s  too  low f o r  d i ssoc ia t ion  t o  occur. 
t i o n  a t  the  tube w a l l  has l e s s  e f f ec t  on t h e  w a l l  temperature d i s t r i b u t i o n  than 
does the  r a t i o  of surface t o  bulk gas temperatures. 
t r i b u t i o n  f o r  hydrogen run 20 i s  a l so  shown i n  f igu re  9 and appears t o  be qui te  
s i m i l a r  t o  helium run 15. 
1 2  percent g rea t e r  than the  heat input t o  the  helium, and the  product of flow 
r a t e  and spec i f i c  heat  f o r  hydrogen w a s  about 4 percent lower than  t h a t  f o r  
helium, which r e s u i t s  i n  hydrogen hea t - t ransfer  coe f f i c i en t s  25 t o  30 percent 
higher than those f o r  helium. 
and the  two hydrogen runs are shown i n  f i g u r e s  l O ( a )  and (b ) .  The parameters 
It can be seen i n  f igu re  9 that  the  l a r g e s t  d i f f e r -  
It appears t h a t  any dissocia- 
The w a l l  temperature dis- 
For t h i s  run, t h e  heat  input t o  the  hydrogen i s  
The hea t - t ransfer  parameters f o r  t he  helium run 
2.0 to2.4 
0 2.5tO 2.9 
A 3.0t03 .4  
v 3.5 to3.9 
h 4.0 to4 .4  
9 5.0 to5 .4  
Open symbols denote 
helium run 15 
Solid symbols denote 
hydrogen run M 
4.5t04 .9  
2 3 4  6 
GD Tb Modified film Reynolds number, Ref = - i- 
P f  f 
(a) Runs 15 and 19. (b) Runs 15 and 20. 
Figure 10. -Comparison of local heat-transfer coefficients for helium and hydrogen. 
f o r  t he  hydrogen.runs ( p a r t i c u l a r l y  run 19) compare qui te  c losely with those 
f o r  helium. 
F r i c t i o n  Coeff ic ien ts  
Only average f r i c t i o n  coe f f i c i en t s  were measured i n  t h i s  invest igat ion.  
The f r i c t i o n  coe f f i c i en t s  f o r  helium and hydrogen both with and without heat  
addi t ion a re  shown i n  f igu res  l l ( a )  and (b) ,  respect ively.  The l i n e  represent- 
ing the  K&rm&-Nikuradse r e l a t i o n  between f r i c t i o n  coef f ic ien t  and Reynolds 
number f o r  tu rbulen t  flow given by 
and the  laminar flow l i n e  given by 
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! I I I l l 1  I I 1 I I ! . I  I o Hel ium ( th is  investigation; wi thout heat addition) Hel ium ( th is  investioation: w i th  heat addition) " ,  I I A Hel ium (ref. 3) 
(a) Helium. 
o 'Hydrogkn ( th is  inves!igatioi 
wi thout heat addition) 
Hydrogen ( th is  investigation 
w i th  heat addition) 
2 3 4 6 8 1 0  20 3 0 4 0  6 0 8 0 1  
Average bulk Reynolds number, Reb 
(b) Hydrogen. 
Figure 11. - Correlation of average fr ict ion coefficients. Viscosit and density evalu- 
ated at bulk temperature. Kirmhn-Nikuradse relation, Ud- 2 l o g ( R e b W )  
- 0.8; laminar flow, fb/2 = 8/Reb. 
- = -  f 8  
2 Re 
1x103 
a r e  included i n  f igu re  11 f o r  comparison. 
a r e  i n  good agreement with the  K&m&-Nikuradse r e l a t ion .  The hydrogen runs 
with  heat  addi t ion  a r e  i n  agreement with the pred ic ted  l i n e  above a Reynolds 
number of 20,000 and i n  agreement with the data of references 3 and 6, which 
f a l l  above the  K&dn-Nikuradse l i n e  below a Reynolds number of 20,000. The 
few runs using helium f a l l  somewhat higher than  e i t h e r  t h e  predicted l i n e  o r  
t he  data  of references 3 and 6. 
A s  would be expected, t he  hydrogen and helium runs with no --eat a - l i t i on  
Heat-Transfer Coeff ic ien ts  
I n  the  present  invest igat ion,  only l o c a l  hea t - t ransfer  coe f f i c i en t s  were 
calculated.  The r e s u l t s  of reference 3 f o r  helium ind ica t e  that  l o c a l  heat- 
t r a n s f e r  coe f f i c i en t s  can be cor re la ted  by use of a modified Reynolds number, 
evaluation of the physical  p roper t ies  and the  dens i ty  a t  e i t h e r  t he  f i l m  o r  t he  
surface reference temperature, and use of an appropriate  constant, as shown i n  
the  following equations: 
14 
I 
A s  s t a t e d  i n  reference 3, evaluating t h e  f l u i d  proper t ies  a t  t he  surface 
temperature r e s u l t s  i n  a s l i g h t l y  b e t t e r  co r re l a t ion  than t h a t  given by evalu- 
a t i n g  the  proper t ies  a t  the  f i l m  temperature, although the  constant i s  higher 
than t h a t  given i n  the  l i t e r a t u r e .  
gat ion a r e  shown i n  f igu re  12(a)  with the  f l u i d  proper t ies  evaluated a t  the 
f i l m  temperature and i n  f igu re  12(b) with the  proper t ies  evaluated a t  t he  sur- 
face  temperature. 
A l l  the  helium da ta  of the  present inves t i -  
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(a) Fluid DroDerties evaluated at f i lm  temperature; runs  (b) Fluid properties evaluated at surface temperature; r u n s  
12 to 16. 
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Modified surface Reynolds number, Re, = - . 
(c) Fluid properties evaluated at f i lm temperature: 
runs 12 and 13. 
(d) Fluid properties evaluated at surface tempera- 
ture: runs 12 and 13. 
Figure 12. - Correlation of local heat-transfer coefficients for hel ium. 
15 
temperature i s  used. This i s  not a random s c a t t e r  as it appears but  has def- 
i n i t e  t rends  t h a t  depend on the  shape of t he  wall temperature d i s t r i b u t i o n  and 
the  power input.  If the  w a l l  temperature d i s t r i b u t i o n  i s  similar i n  shape t o  
run 17, shown i n  f igu re  8, the  da ta  correlate ,  as shown i n  f igu res  12 (c )  and 
(a). It can be seen t h a t  t he  da ta  co r re l a t e  b e i t e r  i f  t he  f l u i d  p rope r t i e s  are 
evaluated a t  t he  surface temperature. If the  w a l l  temperature d i s t r i b u t i o n  re- 
sembles t h a t  of runs 18 t o  21, ne i the r  reference temperature co r re l a t e s  t he  
da ta  s a t i s f a c t o r i l y  ( see  f i g s .  12 (e )  and ( f ) ) .  It i s  not apparent from f igu res  
1 2 ( e )  and ( f ) ,  but  these  da ta  do not f a l l  with random s c a t t e r  e i the r ,  but  
r a t h e r  with a d e f i n i t e  t r end  from run t o  run. To show the  t r end  i n  da ta  with 
the  f l u i d  proper t ies  evaluated a t  the  various reference temperatures, Nu/Pro- 
i s  p lo t t ed  as a funct ion of modified Reynolds number i n  f igu re  13 f o r  runs 1 2  
and 15, which a re  t y p i c a l  of two shapes of w a l l  temperature d i s t r ibu t ions .  The 
f l u i d  proper t ies  a r e  evaluated a t  bulk, f i lm, and surface temperatures. The 
diffeyence i n  t rends  betwEen runs 1 2  and 15 can e a s i l y  be seen. 
2 3 4 6 8 1 0  a 30 40Xld 1 2 3 4 6 8 1 0  a x  
Modified surface Reynolds number, Re, = E3 
(fl Fluid properties evaluated at surface tempera- 
GD Tb Modified film Reynolds number, Ref = -- 
(e) Fluid properties evaluated at film temperature; 
runs 14to 16. 
Pf Tf Ps Ts 
ture; runs 14 to 16. 
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Reynolds number, Re 
Figure 13. -Comparison of effed of using fluid properties evaluated at bulk, film, and 
surface temperatures on correlation of local heat-transfer coefficients for two helium 
runs. 
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Figure 14 (a )  shows a l l  the  hydrogen da ta  with the  f l u i d  proper t ies  evalu- 
a t ed  only a t  the  f i l m  temperature. 
f o r  d i ssoc ia t ion  t o  occur. 
c r i t e r i o n  of w a l l  temperature d i s t r i b u t i o n  shape. 
run 1 7  of f igu re  8 a r e  p l o t t e d  i n  f igu res  14(b)  and ( c )  w i t h  t he  f l u i d  proper- 
t i e s  evaluated a t  the  f i l m  and the  surface temperatures, respect ively.  For 
these  runs, the  surface temperature i s  below t h e  temperature a t  which dissocia-  
t i o n  has an appreciable e f f e c t  on the  f l u i d  propert ies .  
hydrogen data  cor re la te  b e s t  when the  f l u i d  proper t ies  a re  evaluated a t  t he  
surface temperature. 
0.0245. 
a r e  shown i n  f igu re  14(d)  with the  f l u i d  proper t ies  evaluated a t  t he  f i l m  tem- 
perature.  
da ta  t h a t  do not co r re l a t e  very wel l  by conventional methods. The e f f e c t s  of 
reference temperature and the  use of both equilibrium dissoc ia t ing  and chemi- 
c a l l y  frozen t r anspor t  and thermodynamic proper t ies  a re  shown i n  f igu re  15. 
The reason f o r  a low value of f o r  equilibrium dissoc ia t ing  proper- 
The f i l m  temperature w a s  not high enough 
Again the  da t a  can be separated according t o  t he  
The runs having the  shape of 
A s  w i t h  helium, the  
The constant 0.0265 f o r  helium has been replaced by 
Runs with w a l l  temperature d i s t r i b u t i o n  of t he  shapes of runs 18 t o  2 1  





















(a) Fluid properties evaluated at f i lm temperature; runs 1 to 11 and (b) Fluid properties evaluated at f i lm temperati 
17 to 23. to 7, 9 to 11. and 17. 
~ . . . ~~~ 








: runs 1 
I I I I ! , , ,  I I .  
0 1.5 to 1.9 
2.0to 2.4 
0 2.5 to 2.9 
3.Ot03.4 
v 3.5 to3.9 
b 4.0tO 4.4 
4 4.5to 4.9 
P 5.0 to 5.4 
3 4 6 8 1 0  
Modified fi lm Reynolds number, Ref = (GOkf)(Tb/Tf) 
(c) Fluid properties evaluated at surface temperature; chemically 
frozen thermal conductivity and specific heat: runs 1 to 7, 9 to 
11. and 17. 
(d) Fluid properties evaluated at f i lm temperature; runs 8 
and 18 to 23. 
Figure 14. - Correlation of local heat-transfer coefficients for hydrogen. 
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Open symbols denote equilibrium 
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frozen properties 
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Reynolds number, Re 
Figure 15. - Comparison of effect of using fluid properties evaluated 
at bulk, film, and surface temperatures on correlation of IOcal heat- 
transfer coefficients with equilibrium dissociating and chemically 
frozen transport and thermodynamic properties for hydrogen r u n  20. 
t i e s  i s  the  la rge  increase i n  
the  thermal conductivity with 
increasing temperature. 
The da ta  of t h i s  inves- 
t i g a t i o n  ind ica te  t h a t  l i t t l e  
d i f fe rence  i s  made by the  use 
of f i l m  o r  surface reference 
temperature t o  pred ic t  heat- 
t r a n s f e r  coe f f i c i en t s  ( f i g .  
15). It i s  important, how- 
ever, t h a t  the chemically 
f rozen t ranspor t  and thermo- 
dynamic proper t ies  be used 
r a t h e r  than the  equilibrium 
d i s soc ia t ing  propert ies .  The 
r e s u l t  of using chemically 
f rozen and equilibrium dis- 
soc ia t ing  proper t ies  can be 
seen i n  f igu re  15. 
vious from t h i s  f i gu re  t h a t  
a b e t t e r  method of correla-  
t i o n  i s  needed. 
It i s  ob- 
Data have been obtained 
i n  t h i s  inves t iga t ion  t h a t  
agree with previous co r re l a t ions  i n  the  l i t e r a t u r e  using modified Reynolds num- 
ber  and proper t ies  evaluated a t  f i lm  o r  surface temperature; however, some da ta  
obtained with la rge  a x i a l  gradients  i n  heat  f l u x  and surface temperature near 
t he  entrance of t he  t e s t  sec t ion  introduce deviat ions of +30 percent from the  
correlat ion.  
SUMMARY OF RESULTS 
The following r e s u l t s  were obtained i n  an inves t iga t ion  of heat t r a n s f e r  
and pressure drop f o r  helium and hydrogen a t  pressures  of 40 t o  100 pounds per 
square inch flowing through a tungsten tube a t  surface temperatures up t o  
5600' R: 
1. Any d issoc ia t ion  a t  the  tube surface has l e s s  e f f e c t  on the  wa l l t em-  
perature  d i s t r i b u t i o n  than does the  r a t i o  of surface t o  bulk gas temperatures 
a t  surface temperatures up t o  52000 R. 
2. Most l o c a l  heat- t ransfer  da ta  agree t o  within +lo percent when corre- 
l a t e d  by using the  Dittus-Boelter equation and chemically frozen viscosi ty ,  
thermal conductivity, and spec i f ic  heat.  These physical  p roper t ies  and densi ty  
were evaluated a t  e i t h e r  t h e  f i lm  o r  the  surface temperature. Some data ob- 
ta ined  with l a rge  axial gradien ts  i n  heat  f l u x  and surface temperature near the  
t e s t  sect ion entrance introduce deviat ions of +30 percent from the  cor re la t ion  
equation. 
3. F r i c t i o n  coe f f i c i en t s  without heat  addi t ion  are i n  good agreement with 
18 
the  K&”n-Nikuradse re la t ion .  F r i c t i o n  coef f ic ien ts  with heat  addi t ion a re  i n  
poor agreement with the K&“n-Nikuradse l i n e  below a Reynolds number of about 
20,000 but  a r e  i n  good agreement with the  da ta  of other  invest igators .  
Lewis Research Center 
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surface a rea  of inner  r ad ia t ion  shield,  s q  f t  
surface a rea  of middle r ad ia t ion  shield,  sq f t  
surface a rea  of ou ter  r ad ia t ion  shield,  sq f t  
outs ide surface a rea  of t e s t  section, sq f t  
cross-sect ional  a rea  of tube w a l l ,  sq f t  
r ad ia t ion  constant, 25,891 (micron) (OR), appendTx B 
spec i f i c  heat  of t he  gas a t  constant pressure, Btu/( lb)(oR) 
ins ide  diameter of t e s t  section, f t  
p o t e n t i a l  drop, v 
configurat ion f a c t o r  f o r  r ad ia t ion  
f a c t o r  t o  allow f o r  the  departure of the  t e s t  s e c t - m  and inner  rad i -  
1 a t i o n  sh ie ld  surfaces  from complete blackness, 
1 
f a c t o r  t o  allow f o r  t he  departure of inner  and middle r ad ia t ion  
1 sh ie lds  from complete blackness, 
f a c t o r  t o  allow f o r  t he  departure of middle and outer  rad ia t ion  
1 sh ie lds  from complete blackness, 
average f r i c t i o n  coe f f i c i en t  
mass flow per  u n i t  cross-sect ional  area, l b / ( h r ) (  sq f t )  
acce lera t ion  due t o  gravity,  4. 17X1O8 f t / h r 2  
l o c a l  hea t - t ransfer  coef f ic ien t ,  Btu/(hr)  (sq f t )  (OR) 




























thermal conductivity of gas, Btu/(hr)  ( f t )  (OR) 
thermal conductivity of t e s t  sec t ion  material, Btu/( h r )  ( f t )  (OR) 
heat - t ransfer  length of t e s t  section, f t  
Nusselt number based on l o c a l  hea t - t ransfer  coef f ic ien t ,  hD/k 
Prandt l  number, cpy/k 
absolute s t a t i c  pressure, lb/sq f t  
ove ra l l  s ta t ic -pressure  drop across  t e s t  section, 1b/sq f t  
f r i c t i o n  s ta t ic -pressure  drop across  t e s t  section, lb/sq f t  
momentum s ta t ic -pressure  b o p  across  t e s t  section, 1b/sq f t  
r a t e  of heat  t r a n s f e r  t o  gas, Btu/hr 
ra te  of heat  conduction through tube w a l l  i n  axial  direct ion,  Btu/hr 
r a t e  of e l e c t r i c a l  heat  input t o  increment, Btu/hr 
ra te  of heat  l o s s  from t e s t  sec t ion  through r ad ia t ion  shields,  Btu/hr 
gas constant, f t- lb/(  lbmass) (OR) 
Reynolds number, GD/p 
r e s i s t ance  of t e s t  section, ohms 
heat - t ransfer  a rea  of t e s t  section, sq f t  
t o t a l  o r .  s tagnat ion temperature, OR 
average bulk temperature for an increment, (Tn + T M l ) / 2 ,  OR 
blackbody temperature, OR 
b r ightness  temperature (apparent temperature of nonblackbody ), OR 
average f i l m  temperature, (Ts + Tb)/2, OR 
bulk temperature of the gas en ter ing  an increment, OR 
bulk temperature of t h e  gas leaving an increment, OR 
temperature of an increment of t he  outs ide r ad ia t ion  shield,  OR 
average surface temperature of an increment, OR 
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apparent brightness temperature (apparent temperature of nonblackbody 
with view window interposed), OR 
static temperature, OR 
bulk velocity of gas, ft/hr 
gas f l o w ,  ~b/hr 
distance from entrance of test section, ft 
ratio of specific heats of gas 
normal total emissivity of inner radiation shield 
normal total emissivity of middle radiation shield 
normal total emissivity of outer radiation shield 
normal total emissivity of test section 
spectral emissivity 
wavelength (effective wavelength of small-target optical pyrometer 
filter), microns 
absolute viscosity of gas, lb/(hr) (ft ) 
density of gas, lb/cu ft 
average density of gas, (pl + pz)/R(tI + tZ), lb/cu ft 
resistivity of tungsten, pohm-in. 
S t e fan- B o 1  t zmann constant, 0.1 7 3~10’~ Btu/ ( hr ) ( f t ) ( OR ) 
spectral transmissivity of view windows 
Subscripts: 
b bulk (when applied to properties, indicates evaluation at average 
bulk temperature T-t,) 
film temperature T f )  
f film (when applied to properties, indicates evaluation at average 
S surface (when applied to properties, indicates evaluation at average 
surface temperature Ts) 
1 test section entrance 
2 test section exit 
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APPENDIX B 
METHOD O F  OFTICAL PYROMETER 
A s  mentioned i n  the  t ex t ,  the  temperature of mosrt of t he  t e s t  sec t ion  w a s  
measured with a small-target disappearing-filament o p t i c a l  pyrometer. It i s  
shown i n  the  appendix of reference 3 t h a t  from Wien's formula f o r  blackbody 
rad ia t ion  a r e l a t i o n  between the  t r u e  temperature of t h e  t e s t  sec t ion  and the  
br ightness  temperature ind ica ted  by t h e  pyrometer can be obtained, and the  re- 
l a t i o n  follows: 
where Tbb i s  the  t r u e  blackbody temperature of the  t e s t  section, T, i s  t h e  
measured temperature, EA i s  the  emissivi ty  of the t e s t  section, TA i s  the  
t ransmiss iv i ty  of any view windows interposed, A i s  the  wavelength of the  
optical-pyrometer f i l t e r  (0.650 micron), and C 2  i s  the  r ad ia t ion  constant 
(25,891 (micron)(OR)). 
The t ransmiss iv i ty  of any view windows can be determined very e a s i l y  by 
measuring the  temperature of a ca l ib ra t ion  lamp both with and without t he  win- 
dows and by in se r t ing  the  values obtained i n  the  equation 
where Tbr and TT a r e  the  temperature measured withbut and with the  view 
window interposed, respect ively.  The t r ansmiss iv i t i e s  of the 3/8-inch quartz 
view window on the  containment tank and the 1--inch upright o p t i c a l  g l a s s  
s a fe ty  window were measured experimentally and found t o  be 0.928 and 0.883, 
r e  spe c t i ve l y  . 
1 
4 
The spec t r a l  emissivi ty  of tungsten given i n  reference 1 6  was used along 
The w a l l  temperatures were p lo t t ed  as a 
with the  t ransmiss iv i ty  of t h e  windows t o  ca lcu la te  t he  w a l l  temperatures of 
the  t e s t  sect ion from equation (Bl). 
funct ion of dis tance from the  t e s t  sect ion entrance and then were in t eg ra t ed  t o  
determine the  average w a l l  temperature. The average w a l l  temperature w a s  a lso 
found by ca lcu la t ing  the  res i s tance  of t he  t e s t  sec t ion  from the  p o t e n t i a l  drop 
across  it and the  current.  The r e s i s t i v i t y  of the  t e s t  sect ion can be calcu- 
l a t e d  from the  equation 
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Fromthe  curve of r e s i s t i v i t y  as a funct ion of temperature i n  f igu re  6, the  
average temperature of the  t e s t  sect ion can be determined from the  r e s i s t i v i t y  
value. 
l e s s  than 5 percent f o r  most runs. 
The average w a l l  temperatures determined by the  two methods disagreed 
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'LIABLE 11. - EXPERIMENTAL RFlSULTS 
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3830 807 912 a1010 a1115 a1220 a1340 a1460 a1600 
835 955 a1085 a1210 a1350 a1500 a1680 a l e g o  









610 790 890 a995 a1080 a1160 a1250 a1360 a14801a1630 
625 810 920 a1005 a1080 a1170 a1310 a1500 a1730 a2220 
640 875 1040 2971 3769 4075 4486 4918 51761 5307 
810 1645 2520 "3600 4224 4701 5008 5099 5202, 5202 














5086 5021 4511 1985 630 
5307 5255 4841 2195 640 
5544 5544 5229 2425 670, 
5380 5380 
5570/5623 
5380 5021 2275 655 
5623 5333 2550 680 
TABLE 11. - Continued. EXPERIMENTAL FU3SULTS 
( b )  Local ou ts ide  sur face  temperatures of t h e  t e s t  sec t ion  
Run Distanze from i n l e t ,  i n .  
16 8 
Hydrogen 












1 1 568 630 
2 568 630 
3 568 635 
4 563 620 
5 567,625 
6 568 630 
8 570 690 
7 568 630 
4105 135941 1715 595 
4530,4186 2005 610 
5189 4803 2345,660 
4220 3684 1610 590 
4745 4224 1860 610 
4880 4361 1950 620 
5229 5281 5268 
a1940 2159 2385 
2351 2942 3492 
2936 3564 4149 
9 562 610 
10 565 625 







l l  I ' I  I I 
2601 3006 -4386 944 4606 957
5125 5099 
5307 5307 
















433614517 (a4500/3842/ 16401 590 
4892 4880 4777 4087 1780 610 
4643 4828i 4969 
5047 5138 5216 
22 550 710 1135 1500 a2060 3147 




aValues taken from fa i red  curves. 
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temper- 
a t u r e  of 
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bulk 
temp e r  . 
a t u r e  ( 
incremei 
TABLE 11. - Concluded. EXPERIMENTAL RESULTS 
( ? )  For increments 
Increment 1 Local Increment Local 
hea t -  
t r a n s f e r  
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TABLF, 11. - Concluded. EXPERIMENTAL RFSULTS 
( c )  Continued. For increments 
Average 
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TABLE 11. - Concluded. EXPERIMENTAL RESULTS 
( e )  Continued. For increments 
































hea t -  
t r a n s f e r  

































ou t s ide  
su r face  
temper- 
a t u r e  of 
increment, 
TS 











Run 1 4  



















































1 2 6 1  
1490 
1720 



































hea t -  
t r a n s f e r  
Zoef f ic ien t ,  
h 
Average 
outs ide  
su r face  
temper - 
a t u r e  of  




































































temp e r  - 





































































hea t -  
t r a n s f e r  
































( c ) Concluded. 
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